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We discuss a new torsion pendulum design for ground testing of prototype LISA (Laser
Interferometer Space Antenna) displacement sensors. This new design is directly sensi-
tive to net forces and therefore provides a more representative test of the noisy forces and
parasitic stiffnesses acting on the test mass as compared to previous ground-based exper-
iments. We also discuss a specific application to the measurement of thermal gradient
effects.
1. Background and Motivation
LISA1 aims to measure gravitational radiation in the low frequency band 0.1-
100 mHz with a constellation of three satellites containing six “free-falling” test
masses, each of which is one end mirror of an interferometer beam that forms the
side of an equilateral triangle of length 5×106 km. The interferometric measure-
ment of the relative test mass displacement gives the gravitational wave strain.
The strain sensitivity is predicted to be limited at low frequencies by stray forces
that produce spurious acceleration of the test masses. In order to achieve the
sensitivity goals, each test mass must not be perturbed from geodetic motion
to within S
1/2
an ≤ 3 × 10−15 m/s2/Hz1/2 along its sensitive interferometer axis,
x. For the envisioned 2 kg test masses, this represents a stray force noise of
S
1/2
fn
≤ 6× 10−15 N/Hz1/2.
A satellite shield, kept centered around the test masses by a six degree of free-
dom displacement sensor, will protect the test masses from many environmental
disturbances. The noisy force acting on a test mass can be written as
fn = fstr + kp
(
xn +
Fstr
Mω2DF
)
, (1)
where fstr are spurious forces acting on the test mass, kp is any spring-like coupling
(or “stiffness”) between the satellite and test mass, xn is the noise in the displace-
ment sensor itself, Fstr represents the forces acting on the satellite, M is the entire
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satellite mass, and ω2DF represents the finite gain of the “drag free” control loop
that keeps the satellite centered about the test mass. Thus we see that it is impor-
tant that the displacement sensor itself is not a source of spurious forces or residual
coupling between the satellite and test mass.
A prototype displacement capacitive sensor that meets the LISA goals in terms of
displacement sensitivity, noise, and parasitic stiffness has been designed.2 However,
due to the extreme level of disturbance isolation needed for LISA, it is important
to unexpected sources of force noise or stiffness arising in the sensor. The space-
borne LISA Pathfinder mission3,4 will attempt to prove the performance to within
a factor of ten of the LISA goal, in a restricted band. However, it is additionally
desirable to have a ground testing program to build confidence in the design before
the flight test.
Torsion pendulums have proven to be useful instruments for measuring the stray
forces and stiffnesses arising in LISA-like displacement sensors, as well as charac-
terization of specific sources of stray forces.5,6,7 However, all previous results have
been sensitive only to net torques on the test mass. The characterization of the
random forces thus depends on the conversion through an effective arm-length. As
the effective arm-length varies depending on the type of disturbance, it is desirable
to have a configuration sensitive directly to net forces along the sensitive x axis.
2. The 4-Mass Design
In order to produce a configuration sensitive to net forces with a torsion pendulum,
it is necessary to displace the test mass from the torsion fiber axis. This can be done
by adopting a simple Cavendish type geometry; however, as this displacement, R,
increases, the pendulum quickly becomes more susceptible to environmental gravity
gradient noise. It is thus necessary to have a high degree of symmetry to suppress
couplings to low-order multipole moments.8 Initial simulations show that a four
mass design with quadrapole compensation, such as that shown in Figure 1, should
be substantially insensitive to gravitational disturbances.
The instrument limit for such a pendulum depends on the thermal noise in the
pendulum motion and the displacement sensor position noise, Sxn :
S
1/2
fn
(ω) ≈
√
4kBT Γ/ωQ+ Γ2Sxn/(R
2 |F (ω)|2)
R
, (2)
where kB is Boltzmann’s constant, T is the temperature, Γ is the torsional spring
constant of the suspension fiber, Q is the pendulum resonance quality factor, and
|F (ω)|2 = ((1−ω2/ω2
◦
)2+1/Q2)−1 is the pendulum’s angular transfer function with
resonant angular frequency ω◦. To maximize the sensitivity we see that it is impor-
tant to have a soft, high Q torsion fiber as well as a large arm length. As previously
stated, however, the arm-length cannot be arbitrarily large because gravitational
noise sources will begin to dominate at some point. For a given fiber length, the
torsional spring constant varies as Γ ∝ M2, where M is the entire pendulum mass
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Figure 1. Left: Conception of the four-fold symmetric torsion pendulum. The centers of the
four hollow, cubic test masses are displaced 11 cm from the torsion fiber axis. The smaller cubes
displaced along the y-axis (vertical) serve to reduce the gravitational quadrapole moment and
provide a reflecting surface for an optical readout of the pendulum twist. The positions of the
displacement sensor electrodes, outlined in gray, are shown surrounding the mass on the lower
right. Right: Predicted force sensitivity of the pendulum shown on the left (using a 53 µm
diameter tungsten fiber of length 1 m and quality factor Q = 4000) as compared to the single
mass configuration. The four-mass design is directly sensitive to net forces, while the single mass
curve is interpreted from its torque sensitivity using an effective arm-length of 1 cm.
that the fiber can support, making it advantageous to make everything as light as
possible.
The right hand side of Figure 1 shows a realistic force sensitivity curve for the
pendulum design shown on the left. This aluminum pendulum has a total mass
of ≈ 450 g, necessitating a tungsten torsion fiber with Γ = 1 × 10−7 N-m/rad.
The position sensor is assumed to have the demonstrated intrinsic noise level of
0.4 nm/Hz1/2.
3. Applications
In addition to measuring the random force noise on the test mass along the sensitive
degree of freedom, the torsion pendulum may be used to investigate, quantitatively,
specific sources of disturbances that are predicted to be present in LISA. By mod-
ulating specific source terms we can determine the coupling of the test mass to
the effect in question. The multiple mass design permits measurements of the net
forces associated with temperature gradients, magnetic fields and field gradients,
and electrostatic and gravitational interactions.
Of particular interest is the effect of thermal gradient fluctuations on the test
mass. Thermal gradients can produce a force on the test mass through several
mechanisms including radiation pressure, radiometric effects, and temperature de-
pendent outgassing. While the prototype sensors have been designed to have a high
thermal conductance and thus small susceptibility to thermal gradients, and the
expected temperature fluctuations aboard LISA are a small S∆T = 0.1 mK/
√
Hz
(where ∆T is taken across the sensor), it is nevertheless worthwhile to demonstrate
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that there is not an excess of force noise induced by poorly understood outgassing
or other unmodeled effects.
Initial simulations suggest that an induced temperature difference may be cre-
ated across the displacement sensor with small heaters (∼1 W) attached to the
sensor housing. With such a an induced gradient, the radiometric effect should be
dominant, applying a net force of9 Fr ≈ 5× 10−11 N to the test mass. The contri-
bution from radiation pressure should be smaller,9 Frp ≈ 3× 10−12 N, but the two
may be distinguished by their respective temperature and pressure, P , dependences:
Fr ∝P/T and Frp∝T 3. In any case, this level of force will be definitely discernable
with the torsion pendulum design outlined above by modulating the temperature
gradient and observing the coherent deflection of the pendulum.
A preliminary estimate of the outgassing effect2 predicts the level to be roughly
10% that of the radiometric effect and nominally independent of the pressure inside
the sensor. Any large, pressure independent signal coherent with the temperature
gradient modulation would thus be a sign of outgassing or other spurious effects.
4. Conclusions and Outlook
We have described a new torsion pendulum design to be used to test the level of
force isolation permitted by a LISA prototype capacitive displacement sensor on
ground. The new pendulum will improve upon previous ground tests because of
its sensitivity to net forces along the axis sensitive to the gravitational wave strain.
We are currently in the design and construction phase of this apparatus and hope
to have results within the next year.
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